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TITLE OF THE INVENTION 

PURIFICATION OF ANTIGEN-SPECIFIC T CELLS 



FIELD OF THE INVENTION 

This invention is drawn to a method to derive antigen-specific T ceil lines from a heterogeneous 
lymphocyte population, including total T lymphocyte populations of naive individuals. This 
method is based on a step of enrichment for antigen-specific lymphocytes by capture of the 
antigen-specific T lymphocytes on a substrate coated with antigenic peptide-MHC complexes 
which serve as ligands for specific T-cell antigen receptors, followed by a step of expansion using 
surfaces coated with antigenic peptide-MHC complexes. 

BACKGR OUND OF THE INVENTION 

Antigen-specific immune responses are mediated by antigen-specific effector B and T 
lymphocytes. These cells originate from generally low frequency resting precursor cells expressing 
receptors for various antigens representing the whole repertoire and which, upon encounter with 
specific antigens and appropriate costimulation, become activated, expand and differentiate into 
effector cells. 

Development of ex vivo immunotherapy for conditions such as cancer or viral infections is limited 
by the low frequency of antigen-specific precursor lymphocytes. For instance, virus-specific CTL 
precursor (CTLp) frequencies in the peripheral lymphoid tissues of mice are generally lower than 
1/100,000 - 1/1,000,000 (Lau et al., 1994; Hou et al., 1994). Isolation of antigen-specific 
lymphocytes by capture on an antigen-coated support has been described for mouse spleen resting 
B cells specific for TNP (Snow et al, 1983a). The isolation procedure involved a rosetting step on 
haptenated horse red blood cells and allowed the recovery of hapten-specific B cells with a 40% 
purity. This technique has been useful to study the requirements for activation (Stein et al, 1986) 
as well as the initial signaling events following activation (Snow et al, 1986; Myers et al, 1987; 
Grupp et al, 1987; Noelle and Snow, 1990; Gold and DeFranco, 1994). However, this was a very 
favorable situation because of the relatively high frequency of B cells specific for TNP (about 1%) 
(Snow et al, 1983a). No study on B cell activation using resting B cells specific for another antigen 
with low precursor frequency has been reported to date (Radbruch and Recktenwald, 1995). 
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Low precursor frequency is also a problem with T ceils. Additionally, while B cells recognize the 
antigen directly, T cells recognize a complex structure made of th combination of an antigenic 
peptide bound to a major histocompatibility complex (MHC) molecule. TCR/MHC-peptide 
interaction has a low to moderate affinity (lO^-lO* 7 M range: Matsui et al, 1991; Weber et al, 
1992; Sykulev et al, 1994a; Corr et al, 1994; Sykulev et al, 1994b). Antibodies usually exhibit 
affinities several orders of magnitude higher and exploit multivalency. New techniques of isolation 
of rare ceU populations are available now. These are based on cell sorting and/or magnetic 
separation (Bellone et al, 1995; Radbruch and Recktenwald, 1995). Also, recombinant ligands for 
TCR are now available by combining recombinant empty MHC molecules (Jackson et al, 1992) 
and MHC-binding antigenic peptides (Engelhard, 1994; Ramensee et al, 1995). These synthetic 
MHC-peptide complexes can be immobilized on beads to yield multivalent ligands for the TCR. 
Theoretically, multivalency should help to overcome low affinity. The interaction between TCR 
and immobilized peptide-MHC complex has been previously shown to lead to the establishment of 
stable interactions in certain in vitro systems. First, MHC class I antigens immobilized on lipid 
monolayers (Nakanashi et al, 1983) or on lipid-coated cell-sized beads (Kane et al, 1988) are 
sufficient to cause binding of cloned allogeneic cytotoxic T cells (CTL). Second, syngeneic cloned 
CTL bind to MHC-coated beads in a peptide dependent manner (Kane and Mescher, 1993; 
Mescher, 1995). Third, a cloned syngeneic CTL can form aggregates with RMA-S cells, a cell 
line which expresses large amounts of empty MHC molecules, in a peptide specific manner (De 
Bruijn et al, 1992). In two of these reports, TCR-MHC-peptide interactions were not the primary 
mediator of adhesion. They rather played an initial role in the early events of aggregation, 
presumably by transducing signals that led to activation of adhesion via accessory molecules. 
Here, we describe a method to isolate antigen-specific T cells using empty MHC class I molecules 
purified from Drosophila meianogaster cells (Jackson et al, 1992) immobilized on magnetic 
beads and loaded with peptide. This artificial substrate for T cells is coated with a high density of 
identical MHC-peptide complexes. T cell isolation was optimized using populations of naive T 
cells purified from mice transgenic for the 2C TCR (Sha et al, 1988). Ligands of various affinities 
and specificities for the 2C TCR have been identified (Sykulev et al, 1994a, b). 2C T cells could 
be adsorbed on beads bearing peptide-MHC complexes which had an affinity for the 2C TCR as 
low as 10- 1 M. Adsorption was MHC restricted and peptide specific since it occurred only with 
the proper MHC-peptide combinations recognized by the 2C TCR. Additionally, 2C T cells mixed 
with irrelevant T cells from a naive animal could be recovered using this adsorption procedure. 
This technique was successfully used to recover antigen-specific T cells from naive animals. 



2 



SUMMARY QF THF INVENTION 

The present invention provides a method for the isolation and expansi n in culture of antigen- 
specific T lymphocytes from a heterogeneous population of lymphocytes. The present invention 
also provides a method for preparing a population of antigen-specific T lymphocytes from a 
patient for treatment of the patient's disease or condition. This invention provides a matrix 
containing empty Class I peptides which are functional in that the empty Class I peptides can 
accept and bind a variety of antigens. These matrices can be prepared to contain specific 
predetermined amounts of one or more antigens. Such matrices are useful for a variety of 
purposes including, but not limited to, use in the methods of the present invention. 

BRIEF DE SCRIPTION OF THE DRAWTOCS 

Figure 1 Panels A, B, C and D: Analysis of binding of biotinylated L d to avidin-coated magnetic 
beads using flow cytofluorometry. 

Panel A shows a dose response curve of the mean fluorescence values of beads incubated with 
increasing amounts of L d , then stained with fluorescein-labeled anti-L d antibody 30.5.7; Panel B 
shows green fluorescence (FL1) histograms of unlabeled avidin-coated magnetic beads. Panel C 
shows green fluorescence (FL1) histograms of avidin-coated magnetic beads after incubation 
with 3 ug of biotinylated L d / 10« beads; staining was performed using fluorescein-labeled anti-L' 
antibody 30.5.7. Panel D shows green fluorescence (FL1) histograms of avidin-coated magnetic 
beads after incubation with 3 ug of non-biotinylated L d / 10 6 beads; staining was performed using 
fluorescein-labeled anti-L d antibody 30.5.7. 

Figure 2 Panels A, B, C, D, E and F: Assessment of L'-coated bead-2C T cell complex formation 
in the presence of antigenic peptides using green (FL1) versus red (FL2) fluorescence dot plots. 
Cells were stained in green with fluorescein; beads were stained in red with phycoerythrin. 
Magnetic beads are autofluorescent; compensation was set so that phycoerythin stained beads 
displayed the same green fluorescence intensity as unstained beads. Panel A shows beads alone. 
Panel B shows 2C T cells alone. Panel C shows L'-coated beads and 2C T cells incubated in the 
presence of QL9. Panel D shows L'-coated beads and 2C T ceils incubated in the presence of 
P 2Ca. Panel E shows L d -coated beads and 2C T cells incubated in the presence of SL9. Panel F 
shows L d -coated beads and 2C T cells incubated in the presence of LCMV peptide. 
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Figure 3 Panels A, B, C, D, E, F, G and H: Assessment of MHC-coated bead-2C T cell complex 
formation in the presence of antigenic peptides using side scatter (SSC) versus forward scatter 
(FSC) dot plots. Panel A: shows boundaries of the regions containing the cells, the beads, and 
the cell-beads complexes. Panel B shows beads alone. Panel C shows 2C T cells alone. Panel D 
shows L 4 -coated beads and 2C T cells incubated in the presence of QL9. Panel E shows L d - 
coated beads and 2C T cells incubated in the presence of p2Ca. F: L d -coated beads and 2C T 
cells incubated in the presence of LCMV peptide. Panel G shows K^-coated beads and 2C T 
cells incubated in the presence of dEV-8. Panel H shows K^-coated beads and 2C T cells 
incubated in the presence of El. 

Figure 4 Panels A, B and C: effect of various parameters on 2C T cell adsorption onto MHC- 
coated magnetic beads. Panel A shows time dependence: purified 2C T cells were mixed with 
MHC-coated beads and peptide, and incubated at room temperature for various amounts of time; 
cell attachment was then quantified by flow cytofluorometry. Panel B shows temperature 
dependence: purified 2C T cells were mixed with MHC-coated beads and peptide, and incubated 
at various temperatures and for various amounts of time; cell attachment was then quantified by 
flow cytofluorometry. Panel C shows CDS dependence: purified 2C T cells or purified CD8" 2C 
T cells were mixed with MHC-coated beads and peptide, and incubated at room temperature for 3 
hours; cell attachment was then quantified by flow cytofluorometry. 

Figure 5 Panels A, B, C, D and E: enrichment in 2C T cells using capture on K 6 *" 3 -coated 
magnetic beads, starting with a mixture of 2C T cells and CD8' T cells at a ratio of 1:3000. 
Panel A shows green fluorescence (FL1) histogram of fluorescein-labeled purified 2C T cells. 
Panel B shows green fluorescence (FL1) histogram of purified CD8~ T cells from C57BL/6 
mouse. Panel C shows green fluorescence (FL1) histogram of purified fluorescein-labeled 2C T 
cells mixed with CD8* T cells from C57BL/6 mouse at a ratio of 1 :3000. Panel D shows green 
fluorescence (FL1) histogram of cells eluted after incubation with K^-coated magnetic beads in 
the presence of dEV-8. Panel E shows green fluorescence (FL1) histogram of cells eluted after 
incubation with K^-coated magnetic beads in the presence of El. 

Figure 6: in vitro functional activity of CTL derived from naive C57BL/6 mouse using adsorption 
on K b -OVA-8 or K b -VSV-8-coated magnetic beads. Cultured T cells were tested for cytotoxicity 
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by chromium release assay as indicated in Example 4. EL4 cells were used as targets. Peptides 
were used at a final concentration of 1 uM. 

Figure 7: in vitro functional activity of CTL derived from naive BALB/c mouse using adsorption 
5 on L d -LCMV-coated magnetic beads. Cultured T cells were tested in vitro for cytotoxicity by 
chromium release assay as indicated in Example 4. L d -expressing RMA-S (panel A), BALB/c CL- 
7 (panel B), MC57 (panel C) or YAC-1 (panel D) were used as targets. Peptides were used at a 
final concentration of 1 uM. 

10 Figure 8: in vivo functional activity of CTL derived from naive BALB/c mouse using adsorption 
on L -LCMV-coated magnetic beads. In vivo activity in mice acutely infected with LCMV was 
assayed as indicated in Example 4. LCMV-infected BALB/c mice were injected with 10 7 CTL 
anti-LCMV NP 1 18-126 at day 1, while 4 BALB/c mice received only PBS. As a control we used 
LCMV-C57BL/6 mice injected with either 10 7 CTL anti-LCMV NP 1 18-126 or PBS. 
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DETAILED DFSr RfPTTON OF THE INVENTION 

The present invention provides a new method to derive in vitro antigen-specific T cell lines from 
mixed cell populations, including total T cells from naive individuals. Deriving T cell lines in vitro 
20 from naive T cell populations poses several types of problems: first, the precursor frequencies are 
typically very low, often lower than 10" 5 ; second, naive T cells have special requirements for 
activation, needing generally stronger stimuli than previously activated T cells. 



The method of the present invention comprises two steps: one step of isolation to enrich the cell 
preparation in antigen-specific T cells, and one step of in vitro expansion to derive antigen- 
specific cell lines from the enriched cell preparation. It is readily apparent to those skilled in the 
art that these steps may be repeated, as desired. The step of isolation of antigen-specific T cells 
utilizes MHC-coated substrates, which upon incubation with antigenic peptide and T cells, 
enabled isolation of T cells specific for the antigenic peptide-MHC complex. It will be readily 
apparent to those skilled in the art that a wide variety of MHC molecules are suitable for use in 
the method of the present invention, including, but not limited to. classical and non-classical MHC 
proteins from any mammalian or avian species, with human HLA proteins and murine H-2 
proteins being preferred. It will also be readily apparent to those skilled in the art that MHC 
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molecules from a variety of sources are suitable for use in the present invention, including, but not 
limited to, MHC derived from naturally occurring sources and from recombinant sources such as 
MHC proteins expressed in bacteria, insect cells or mammalian ceils, with insect cells being 
preferred. In addition, it will be readily apparent to those skilled in the art that a wide variety of 
5 MHC coated substrates are suitable for use in the present invention, including, but not limited to, 
columns (acrylamide, agarose, ...), glass beads, latex beads, membranes (nitrocellulose, nylon, 
...), plastic (e. g., polystyrene) surfaces such as microtitratidn plates, high molecular weigh 
polysaccharides such as dextrans, red blood cells, and magnetic beads, with magnetic beads being 
preferred. Finally, it will be readily apparent to those skilled in the art that a wide variety of 

10 procedures could be used to attach MHC molecules on substrates for use in the method of the 
present invention, including, but not limited to, passive adsorption, use of cross-linkers, 
biotinylation of MHC molecules for adsorption on avidin-coated substrate, introduction of a 
recognition site by genetic engineering of MHC molecules or use of natural recognition site for 
adsorption on antibody-coated substrate, with avidin-biotin and antibody recognition being 

15 preferred. 

To establish the procedure, combination of several resources was utilized: first, we used empty 
recombinant MHC molecules produced in Drosophila melanogaster cells (Jackson et al, 1992), 
which allowed the use of MHC protein homogeneously loaded with the same peptide; second, 

20 naive T cells purified from lymph nodes of mice transgenic for the 2C TCR (Sha et al, 1988) were 
used, these cells homogeneously express the same TCR at the same level. This allowed analysis 
at a single cell level. Also several different peptide-MHC complexes whose affinities for the 2C 
TCR have been recently determined (Sykulev et al, 1994a, b) were used. This made it possible to 
investigate the procedure using complexes with various affinities. The MHC class I molecules 

is that were used included L d . K b and K*** 3 . Since the 2C cytotoxic T cell clone was derived from 
BALB.B (H-2") mice (Sha et al, 1988), L d and K bm3 are allogeneic restriction elements for the 2C 
TCR while K b is syngeneic. Immobilized biotinylated L d , K b and K"" 5 on avidin-coated magnetic 
beads were used. 2C T cells were absorbed on such beads in the presence of several antigenic 
peptides. Adsorption was observed in the presence of peptide-MHC complexes with an affinity 

i0 for the 2C TCR in a lO^-lO" 7 M range, using L d , K*"" 3 or K b as restriction element. Finally 

adsorption was specific, since control peptides did not cause interaction between MHC-coated 
beads and 2C T cells. 
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The characteristics of adsorption of T ceils onto MHC-coated beads were further studied: 
adsorption was time dependent, reaching a plateau between 1 and 4 hours when performed at 
room temperature. Adsorption started to decrease beyond that time, which might reflect the 
initiation of a de-adhesion process. Adsorption was also temperature dependent: it was slightly 
lower at 37°C than at room temperature for 3 of the peptide-MHC complexes examined, and was 
even dramatically lower than at room temperature for another one. This is due to the decrease in 
stability of MHC molecules at higher temperature. Adsorption at 4°C was much lower than at 
room temperature which was likely a consequence of the changes in cell membrane fluidity at low 
temperature which reduces molecular associations. Additionally, some signaling events, which 
occur only at higher temperature, might contribute to adsorption, as noted in a previous report 
about the role of CD8 in adhesion induced by TCR-antigen interaction (Kane and Mescher, 
1993). Interestingly, CD8 dependence of cell-bead complex formation varied according to the 
antigen used. Among the peptides tested, the most CD8-dependent were p2Ca and dEV-8, which 
had been isolated as naturally occurring at the surface of antigen presenting cells; QL9 and SIYR, 
which have not been found on cell surface, were CD8 independent. In any case, CD8 dependence 
of T cell capture on MHC-coated beads was not completely correlated with TCR-ligand affinity. 
Finally, capture was not completely correlated with TCR-ligand affinity, since we consistently 
observed capture with K^-dEV-S (1.8xl0 4 M" 1 ), K b -SIYR (3.1xl0 4 M" 1 ) or K^-SIYR 
(3.4x10* M" 1 ), but not with L d -p2Ca-A3 (2xl0 4 M* 1 ) or K k -dEV-8 (1.2xl0 4 M" 1 ). Capture was 
observed or not with L d -SL9 (1.4xl0 4 M* 1 ), according to L d batches. This is consistent with the 
prediction that knowing the affinity of a single TCR for a given peptide-MHC complex is 
probably not enough to make predictions about interactions at the whole cell level (Agrawal and 
Linderman, 1996). It is anticipated that MHC-coated beads will be useful as probes to study the 
rules of antigen recognition by T cells. 

To investigate the suitability of this technique to recover a low frequency population of antigen- 
specific CTL precursors, it was attempted to recover 2C T cells mixed with irrelevant T cells from 
a naive animal. It was shown that the procedure of the present invention allowed the purification 
of antigen-specific T cells about 800 to 1600 fold in one step of purification, starting from a 2C T 
cell frequency as low as 0.03%. Cell recovery was about 50 % when using peptide-MHC 
complexes of low affinity for the 2C TCR such as K^-dEV-S and K b -SIYR, and reached 90- 
100% with the high affinity L d -QL9 complex. Final 2C T cell purity was 47.6±2.1% when using 
K b , the syngeneic restriction element for the 2C TCR and 24.8±6.9% when using L d , an 
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allogeneic restriction element. This suggests that this difference could be accounted for by ami L - 
allogeneic T ceils captured using L«-coated beads. This would mean that some of the no n - 2C 
cells eluted from the beads had been captured specifically. Taken together, these results showed 
that th,s method was suitable to purify low frequency T cell precursors from a naive animal, 
including cells whose TCR would have a low affinity for an MHC-peptide complex. 

It was also shown that the isolation procedure of the present invention, when used in combination 
wth a new ,„ vitro T ceil expansion step, was usable to enrich in CTL precursors from naive 
mice. The cell expansion step was based on the culture of isolated cells in tissue culture plates 
coated with MHC-peptide complexes and anti-CD28 antibody. It will be readily apparent to 
those skilled in the art that other costimulatory molecules are suitable for use in the method of the 
present mvention, including, but not limited to, anti-CD28 antibody, other ligands of CD28 such 
as B7-1 and B7-2, or ligands or antibodies to other T cell costimulatory molecules such as 
mtegrins and other cell adhesion molecules, or cytokines such as imerleukin-2 or interleukin-4 or 
any combination thereof. It is noteworthy that other classical expansion protocols, including ' 
sttmulafon with concanavalin A or with anti-TCR antibody, would not allow antigen-specific 
CTL to be denved from naive lymphocyte populations. This is likely because the cells are not 
lOOo/o pure after isolation and thus need some specific stimulation to be recovered. Additionally a 
high densuy of homogeneous ligands is necessary to activate unearned T cells, which is provided 
by the method of the present invention, as well as by using MHC-expressing insect cells as 
ant,gen-presenting cells (Cai et al., ,996), but not by using classical antigen presenting cells which 
present a heterogeneous population of antigens on their surface. Additionally, this totally synthetic 
expanse system of the present invention does not require use of exogenous antigen-presenting 
cells, wh,ch ehminates potential complications such as contamination and cross-priming 
Interestingly, it was not necessary to detach the cells from the MHC-coated magnetic beads used 
for .solanon prior to expansion, which reduces the time of manipulation. However, the antigen- 
speafic T lymphocytes may be eluted or removed from the substrate for culturing or for other 
purposes, if desired. The T lymphocytes may be eluted using a variety of techniques known to 
those slalled m the art, such as prolonged incubation and/or addition of an anti-MHC antibody 
Usmg this method, LCM virus-specific CTL could be derived from uninfected B ALB/c mice 
usmg L -coated magnetic beads and LCMV-nucleoprotein peptide. Enrichment certainly had 
occurred since at least one cell in the >0< cells recovered was antigen-specific, as compared to a 
precursor frequency of less than 10* in a naive animal (Oehen et al 1992, Lau et al 1994) 
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Additions, unseparated total CD8^ T cells from the same animal cultured in the same conditions 
did not yield specific CTL activity. Finally, specific CTL activity was measured after only one 
regulation, which strongly indicates a high frequency of specific precursor T cells following the 
enrichment procedure. We also used the enrichment procedure of the present invention to recover 
5 OVA-8 specific CTL as well as VS V-8 specific CTL from C57BL/6 mice. Enrichment was 
specific since no VSV-8-specific CTL could be grown from cells captured using K b -OVA-8- 
coated beads, and no OVA-8-specific CTL could be grown from cells captured using K b -VSV-8- 
coated beads. The CTL precursor frequency of OVA-8 specific CTL in the enriched population 
after capture on K>-OVA-8-coated beads was approximately 1/3500. Enrichment thus certainly 

10 had occurred since the precursor frequency for CTL anti-OVA-8 in naive C57BL/6 mice is 

1/30,000 (Dillon et al., 1994). However, enrichment appeared to be lower than expected from the 
expenments using 2C T cells (Table II). This is not surprising because measurements with 2C T 
cells reflect directly the capability of the enrichment step, whereas, in experiments starting from 
total CDS* T cells, enrichment was likely underestimated: some CD8* cells might have been 

15 captured and expanded without displaying a cytotoxic activity, or might have been captured but 
would not grow in culture, or might have a too weak interaction with MHC-coated beads to be 
"capturable" It is unlikely that capture makes T cells unresponsive because 2C T cells can be 
expanded into CTL after capture. 

20 Magnetic separation has proven to be the method of choice to purify rare cell populations. These 
include human peripheral blood hemopoietic progenitor cells (purification from 0. 1 8% to 54 4% 
300 fold enrichment, >3 9 o/ 0 recovery) (Kato and Radbruch, 1993), human peripheral blood burst'- 
formmg units-erythroid (purification from 0.04% to 56.6%, 1400 fold enrichment, 13% recovery) 
(Sawada et al, 1990), and peripheral blood IgA, -expressing B lymphocytes (purification from 0 1- 

25 1.5% to up to 80%, up to 80% recovery) (Irsch et al, 1994). The method of the present invention 
for anngen-specific T cell enrichment is substantially better than these methods, as judged by the 
enrichment and recovery numbers. This is especially significant since the purification methods 
menuoned above used antibodies as ligands for the specific cells; antibodies have affinities for 
antigens that are much higher than those of MHC-peptide complexes for TCR. The method of 

50 the present invention is also useful for cell purification via other low affinity ligands to cell surface 
molecules, low affinity ligands meaning molecules that have an affinity too low to remain stably 
bound to cell surface when used in soluble form. In contrast, high affinity ligands, such as 
antibodies, remain stably bound on cell surface when used in soluble form. 
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Interestingly, although fluorescent labeling of antigen-specific T cells is possible (Altaian et al., 
1996), ceil sorting by flow cytometry could not be a substitute for magnetic separation because T 
cell precursors are usually too rare to be detectable in flow cytometry, and the speed of analysis 
and sorting remains a limiting factor. In contrast, magnetic separation can be used to separate 
rare antigen-specific T cell populations, as well as to sort large numbers of cells quickly. These 
features make magnetic isolation an attractive procedure to derive antigen-specific T cells for 
clinical use. 

In conclusion, this is the first report of a method of purification of antigen-specific T cells that is 
applicable to naive individuals. We showed that it could be applied to several different MHC 
molecules and a variety of peptides. The method of the present invention is usable in a variety of 
situations, including, but not limited to, the use to derive virus- or tumor-specific cytotoxic T cell 
lines from human peripheral blood. The cells derived using the method of the present invention 
are themselves useful for a variety of purposes including, but not limited to, expansion in culture 
and reinfusion into a patient, diagnostic analysis, and other therapeutic applications. 

The following Examples are provided for the purpose of illustrating the present invention without, 
however, limiting the scope of the present invention to the following examples. 

EXAMPLE 1 

Attachment of hiotinylated NfHC class I on avidin-m^d magnetic h»,Hc 

Soluble MHC class I molecules L d , K b and K bm3 were expressed in Drosophila melanogaster cells 

(Jackson et al, 1992) and purified as previously described (Sykulev et al, 1994a). Biotinylation 

was performed using biotin-BMCC (Pierce, Rockford, IL) according to the manufacturer 

instructions. 

Dynabeads M500 (Dynai, Lake Success, NY) were coated with neutravidin (Pierce, Rockford, 
IL), and subsequently incubated with biotinylated MHC class I molecules diluted in PBS 
containing 3% PCS for 2 hours at 4°C under mild agitation. Beads were then washed 3 times in 
DMEM containing 10% PCS and incubated for 1 hour with 20 uM peptide. Beads were then used 

immediately for cell adsorption. 
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Biotinylated L d was used as a test model to study attachment of biotinylated MHC class I to 
avidin-coated magnetic beads. Various amounts of this molecule were incubated with beads. 
Beads were then stained using fluorescein-labeled conformation sensitive anti-L d monoclonal 
antibody 30.5.7. Attachment of L d was assessed by flow cytofluorometry analysis. The mean 
fluorescence value increased linearly with the amount of L d between 0 and 1.5 ug of L d 1 10 6 
beads, and reached a plateau at 3 ug of L d / 10 6 beads as shown in Figure 1 A. The amount of L d 
required to reach saturation was the same with several batches of beads and of biotinylated L d . 
To quantitate the number of MHC molecules immobilized per bead, we measured the 
concentrations of MHC class I molecules in solution before and after binding by using a solid 
phase immunoassay as follows: MHC class I molecules L d was adsorbed on 6.8 urn polystyrene 
latex sulfate beads (Interfacial Dynamics Corporation, Portland, OR) that had been coated with 
28-14-8S ami- L d (ATCC, Rockville, MD); beads were then stained using fluorescein-labeled 30- 
5-7 anti-L d ; mean fluorescence values (MFV) were measured by flow cytofluorometry. A 
standard curve was established with known concentrations of L d and MFV was plotted versus 
concentrations. The amount of immobilized L d in saturating conditions was found to be 1.23 ± 
0.10 x 10 6 molecules per bead. Fluorescence histograms show fluorescence of unstained beads 
(figure IB) and of beads adsorbed with saturating amounts of L d (figure 1C). Attachment 
occurred via avidin-biotin interaction since non-biotinylated molecules did not bind to beads 
(Figure ID). K b and K^-coated beads were prepared and tested using the same technique. 
Saturation was achieved using the same range of concentrations as for L d . 

EXAMPLE 1 

Capture of antigen-specific T cHls onto MHP rl ^ ss l- coa ted magnetic head, in the presence nf 
antigenic peptides 

Mice and cell lines. BALB/c (H-2 d ) and C57BL/6 (H-2") mice were from Harlan Sprague 
Dawley (San Diego, CA). 2C transgenic mice (Sha et al, 1988) were bred in R.W.Johnson P.R.I. 
vivarium. All mice were kept under specific pathogen free conditions. L d -expressing RMA.S cells 
(Cai and Spent, 1996), and EL4 cells (H-2 b , obtained from ATCC, Rockville, MD) were used as 
target cells in CTL assays. The anti-clonotypic 1B2 hybridoma was previously described (Kranz 
etal., 1994). 
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Purification of CD8* T cells from normal mice 

Purification was performed at 4°C under sterile conditions. Mouse inguinal, axillary, cervical, iliac 
and mesenteric lymph nodes were dissected and separated into single cell suspension. Avidin- 
coated magnetic beads (Dynal, Lake Success, NY) were coated with biotinylated goat anti-mouse 
Ig (Southern Biotechnology, Birmingham, AL), and then incubated with the cell suspension to 
adsorb Ig-expressing ceUs. Non-adsorbed cells were then incubated with 2 ug/ml HI 29. 19 (anti- 
CD4, Gibco BRL, Gaithersburg, MD), 1 ug/ml AF6-120. 1 (anti-I-A b , Pharmingen, San Diego, 
CA), 1 ug/ml KH74 (ami-I-A b , Pharmingen, San Diego, CA) and 1 ug/ml 34-5-3 (anti-I-A dJ> , 
Pharmingen, San Diego, CA) for mice with an H-2 b background; or with 2 ug/ml H129.19 and 1 
ug/ml 34-5-3 for mice with an H-2 d background. Cells were then washed 3 times and cells 
expressing CD4 or MHC-class II were eliminated by adsorption on sheep anti-rat Ig-coated 
magnetic beads (Dynal, Lake Success, NY). Purity reached 90 to 94% of CD8* cells as judged by 
antibody staining and flow cytofluorometry. 

Purification of 2C T cells from 2C transgenic mice 

2C T cells were purified from mouse lymph nodes according to the procedure described above. 
Purified cells were 97-98% reactive with the anti-clonotypic antibody 1B2. Additionally, CD8* 
(CD4") cells could also be prepared by removing the CD8* ceUs with the anti-CD8a antibody 53- 
6.7 (Gibco-BRL, Gaithersburg, MD) and magnetic beads coated with sheep-anti-rat Ig. 



Peptides 

The L d - and K b -binding peptides used in these studies were synthesized on Applied Biosystem 
430A and 431 A instruments by standard solid phase peptide synthesis method (tBoc chemistry). 
The peptide sequences were as follows: 



QL9: 


QLSPFPFDL [SEQ.ID.NO.:l] 


p2Ca: 


LSPFPFDL [SEQ.ID.NO.:2] 


SL9: 


SPFPFDLLL [SEQ.ID.NO.:3] 


p2Ca-A3: 


LSAFPFDL [SEQ.ID.NO.:4] 


dEV-8: 


EQYKFYSV [SEQ.ID.NO.:5] 


SIYR. 


SIYRYYGL [SEQ.ID.NO.:6] 


LCMV: 


RPQASGVYM [SEQ.ID.NO.:7] 


MCMV: 


YPHFMPTNL [SEQ.ID.NO.:8] 
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OVA-8: 
VSV-8: 
El: 



SHNFEKL [SEQ.ID.NO.:9] 
RGYVYQGL [SEQ.ID.NO.:10] 
EHNFEKL [SEQ.ID.NO.:! 1] 



2C T cell adsorption on MHC-coated magnetic beads 

To test the capacity of MHC class I-coated beads to capture antigen-specific T cells, we used 
magnetic beads coated with L d , K bra3 or K k , and T cells purified from 2C TCR transgenic mice. 
The 2C TCR has been extensively characterized and several antigenic peptides, recognized with 
various affinities in association with L d (Table I), have been reported (Sykulev et al, 1994 a, b). 
Moreover, K*™ 3 and K b have recently been shown to serve as restriction elements for the 2C TCR 
in association with the peptides dEV-8 and SIYR (Tallquist and Pease, 1995; Ukada et al, 1996; 
TaUquist et al., 1996). It has been recently determined that the affinities of K^-dEV-S and K b - 
SIYR complexes for the 2C TCR were l.SxlO 4 ^ 1 and 3.1xl0 4 M* 1 respectively. Unless stated 
otherwise, beads were coated with saturating amounts of biotinyiated L d , K""" 3 or K b molecules. 
Cells were suspended with beads to reach a final concentration of 10 7 beads/ml. Cell 
concentrations were lOVml in figures 2, 3 and 4, and 10 7 /ml in figures 5, 6 and 7. Peptides were 
added at a concentration of 20 uM. Adsorption was performed under mild agitation for the time 
durations and under the temperatures indicated in the text. Cells adsorbed to beads were then 
counted under the microscope. In cases where a definite rosette (3 beads or more per cell) was 
not observed, attachment was tested by gently tapping the coverslip. Upon incubation at room 
temperature in the presence of the high affinity peptide QL9, intermediate affinity peptide p2Ca 
and low affinity peptide SL9, the majority of 2C T cells attached to L d -coated beads, as judged by 
micoscopic examination after 4 hours of incubation (Table I). Similar results (60-80% of cells 
captured) were obtained in 5 independent experiments. Cell attachment was specific since it did 
not occur in the presence of non-2C reactive L d -LCMV and L d -MCMV complexes. 



Adsorption was also quantitated by flow cytofluorometry using a FACSscan* (Becton Dickinson 
& Co., Mountain View, CA) by recording either green versus red fluorescence dot plots, or 
forward versus side scatter dot plots. To assess cell-bead complex formation using green versus 
red fluorescence dot plots, the beads were labeled in red with phycoerythrin (figure 2A: beads 
alone) and the cells were labeled in green with NHS-fluorescein (Pierce, Rockford, IL) (figure 
2B: cells alone). Cell-bead complex formation was assessed by the appearance of green (G) and 
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red (R) events. The percentage of cells complexed to beads, was calculated as the ratio 
RG/G+RG, where G is the number of events in the lower right quadrant and RG is the number of 
events in the upper right quadrant. We found that on such green versus red fluorescence dot plots 
(figure 2), cell-bead complex formation was quite apparent in the presence of antigenic peptides 
QL9 (figure 2C), p2Ca (figure 2D) and SL9 (figure 2E), with over 85% of the cells shifting to a 
high red fluorescence value. Some red and green colored events (2.2%) were detected in the 
sample incubated with a control peptide (LCMV) (figure 2F). This was most likely due to non- 
specific adsorption of a small amount of fluorescein-labeled cell debris to the beads. 

Side scatter versus forward scatter dot plots were also usable for this quantitation, thanks to the 
fact that the cells (figure 3C) and the beads (figure 3B) had very different side and forward 
scatters, which made it easy to draw clearly distinct regions (figure 3 A) containing the 
populations of events representing cells and beads respectively. Appearance of an additional 
population of events with a higher forward scatter than the beads and a higher side scatter than 
the cells, reflected cell-bead complex formation; this allowed to define complex region, distinct 
from the cell and bead regions. The percentage of cells adsorbed to beads was calculated as the 
ratio CO/CO+CE, where CO was the number of events in the complex region and CE was the 
number of events in the cell region. Such forward versus side scatter measurements showed 
antigen-specific adsorption of the 2C T cells to the beads: in the experiment shown in figure 3, 
91.0% and 78.9% of the ceils were adsorbed to L d -coated beads in the presence of QL9 (figure 
3D) and p2Ca (figure 3E) respectively and 63.8% of the cells were adsorbed to K^-coated beads 
in the presence of dEV-8 (figure 3G) and 75.7% of the cells were adsorbed to K b -coated beads in 
the presence of SIYR (not shown) after 4 hours of incubation. Several populations, which differed 
by their side scatter values, were visible in the complex region; they were likely to represent 
complexes containing different numbers of beads. In the presence of non-2C reactive L d -LCMV 
(figure 3F), K^-El (figure 3H) and K b -El complexes, respectively 2.6%, 1.1% and 0.2% of 
events were found in the complex region. 

We used flow cytofluorometry analysis to quantitate the influence of various parameters on cell- 
bead complex formation. Attachment of cells to beads was time dependent. Binding was 
detectable after 5 min of incubation, increased subsequently to reach a plateau between 1 and 4 
hours, and decreased notably after 6 hours (Figure 4A). Kinetics of adsorption were remarkably 
parallel for various peptide-MHC complexes. Attachment was also temperature dependent, as 
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shown in figure 4B. At 4°C, only a small percentage of cells was captured on beads, even after 
prolonged incubation. Adsorption at room temperature was very similar to adsorption at 37°C 
with the exception of L d -p2Ca, for which attachment levels at 37°C were about 25% of the values 
measured at room temperature, consistent with the inability of p2Ca to stabilize L d at 37°C (Cai 
and Sprent, 1996). Finally, CD8 dependence of cell capture varied with the peptide-MHC 
complex: for instance, L d -QL9 and K^-SIYR captures were largely CDS independent, whereas 
L d -p2Ca and K^-dEV^ exhibited CD8 dependence (figure 4C). 



EXAMPLE 3 

Recovery of antigen-s pP ri fi c T cells mixed with irrelevant T cells 

T cell precursor frequencies in a naive animal are typically low. Magnetic beads have been found 
suitable in other systems to enrich low frequency cell populations (Sawada et al., 1990; Kato and 
Radbruch, 1993). To assess whether MHC class I-coated magnetic beads could be used for T cell 
precursor enrichment, we mixed fluorescein-labeled 2C T cells with CD8 + T ceils purified from 
naive C57BL/6 mice. After incubation with MHC-coated magnetic beads in the presence of 
peptide, adsorbed cells were eluted and counted, and the percentage of 2C T cells was determined 
by flow cytofluorometry. In the experiment shown in figure 5, 2C T cells were undetectable at the 
initial frequency of 0.03%. Following adsorption using K^-coated beads and dEV-8 peptide, a 
definite peak of green fluorescence was observed, displaying the same intensity as the original 
fluorescein-stained 2C T cell population. This peak represented 65. 1% of the eluted cells. No 
peak was observed when a control peptide was used instead of dEV-8. We achieved 800-1600 
fold enrichment in 2C T ceils in comparable experiments using beads coated with 3 different 
MHC-peptide complexes (table II). In all cases, the non-fluorescent cells in the eluted population 
represented only a minor fraction of the initial cell population (-0.2%). 

EXAMPLE 4 

In vitro isolation and expansion of ami^ n -specific CTL from naive m ir~ 
In vitro cell-mediated cytotoxicity 

L'-expressing RMA.S cells, EL4 cells (H-2% MC57 cells (H-2*) infected with LCMV Armstrong 
(48h.; multiplicity of infection: 1 PFU per cell) or BALB/c CL-7 cells (H-2 d ) infected with LCMV 
Armstrong (48h.; multiplicity of infection: I PFU per cell) were used as target cells. Target cells 
were loaded with 100 uCi of Na 2 5I Cr0 4 (New England Nuclear, Wilmington, DE) per 10 6 cells at 
3TC for 60 min, in the presence of 20% FCS. They were washed three times and aliquoted in 96 
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well plates at 4,000 to 10,000 cells per well. Peptides and effector cells were then added. Final 
volume was 200 ul/well. Plates were incubated at 37°C for 5 h urs. One hundred ul of 
supernatant were collected and counted in a gamma counter. Percent specific lysis was calculated 
as previously reported (Wunderlich and Shearer, 1991). 

In vivo assay for CTL activity 

Recipient mice were injected on day 0 with 2xl0 3 PFU of LCMV Armstrong i.v. and adoptively 
transferred i.v. with cells on day 1 On day 2, mice were sacrificed, and the spleens were assayed 
for infectious virus titers by plaque assay on Vero cells as described previously (Byrne and 
Oldstone, 1984). Virus titers were expressed as plaque forming units per gram of tissue (pfu/g). 

Cell culture 

Cells adsorbed onto beads were recovered by washing the beads 3 times with DMEM containing 
10% FCS, and then cultured in 96 well plates coated with the appropriate MHC class I molecule 
and anti-CD28 antibody in the presence of 10 uM peptide; these conditions are sufficient to 
activate resting 2C T cells. Flat bottom well plates were used to ensure that every cell be in 
contact with the immobilized stimulatory molecules. After 2 days of culture at 37°C under humid 
atmosphere containing 8% C0 2 , half the volume of medium was replaced by fresh medium 
containing 20% of culture supernatant from concanavalin A-activated rat splenocytes (conA 
supernatant). After 8-12 days, cells were restimulated with spleen cells pulsed with 1 uM peptide, 
and cultured in the presence of 10% conA supernatant and 2 ng/ml of TGFB, (Lee and Rich, 
1 991; Zhang et al, 1995). 

Generation of antigen-specific CTL lines from naive mouse T cells using adsorption on 
MHC-coated magnetic beads; antigen specificity of the isolation step 

To investigate whether the capture method would be applicable to isolate antigen-specific T ceils 
from a naive animal, we incubated two aliquots of CD8* T cells purified from C57BL/6 mouse 
(H-2 b hapiotype) lymph nodes with K b -coated magnetic beads in the presence of either OVA-8 
peptide (aliquot 1) or VSV-8 peptide (aliquot 2) during 4 hours at room temperature. After 3 
washes, cells were put in culture in 12 wells of a 96 well plate coated with K b and anti-CD28 
mAb, in the presence of 10 uM of OVA-8 or VSV-8 peptide. Cultures were processed as 
indicated in the previous paragraph. Cell growth was visible after 7 days in wells containing 
adsorbed cells. Cells were restimulated on feeder ceils at day 9, and tested for cytotoxic activity at 
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day 18. Cells from aliquot 1 cultured with OVA-8 displayed a CTL activity specific for OVA-8 
peptide (Figure 6A), and cells from aliquot 2 cultured with VSV-8 displayed a CTL activity 
specific for VSV-8 (Figure 6C). Controls were provided by the reverse combination: cells 
captured using OVA-8 peptide contained no detectable anti- VSV-8 CTL precursors, since they 
did not generate anti-VS V-8 CTL when VSV-8 was used rather than OVA-8 to activate them in 
culture (Figure 6B); similarly, cells captured using VSV-8 peptide contained no detectable anti- 
OVA-8 CTL precursors (Figure 6D). 

To obtain an estimate of the CTLp frequencies after enrichment, we repeated the enrichment 
experiment using K b -coated beads and OVA-8 peptide. In a representative experiment, the 12,000 
cells that were recovered by adsorption to K b -OVA8-coated magnetic beads were aliquoted and 
cultured separately in 12 wells of 96 well plates immediately after capture. Specific CTL were 
recovered from cultured captured cells in 3 wells, indicating that the precursor frequency after 
capture was approximately 1/3,500. Similar results were obtained in three independent 
experiments. 

Generation of anti-LCMV CTL from naive mouse T cells; in vitro and in vivo anti-viral 
activity 

We derived anti-LCMV CTL by incubating 10 7 CD8 + T cells purified from BALB/c mouse (H-2 d 
haplotype) lymph nodes together with L d -coated magnetic beads in the presence of LCMV 
peptide during 4 hours at room temperature. After 3 washes, about 10 4 cells were recovered and 
put in culture in 12 wells of a 96 well plate coated with L d and anti-CD28 mAb, in the presence of 
10 uM of LCMV peptide. Cells were cultured as indicated in the previous paragraph. As shown 
in Figure 7A, we obtained cytotoxic T lymphocytes (CTL) specific for LCMV peptide. Cells also 
killed LCMV-infected targets of the H-2 d haplotype, while displaying only a background activity 
against uninfected targets (Figure 7B). An anti-allotypic activity (figure 7C) as well as some 
NK/LAK activity were also present (Figure 7D). All cells expressed CD8, as judged by flow 
cytofiuorometry. In vivo assay showed that the cells were able to markedly reduce virus titers in 
BALB/c mice (H-2 d ) acutely infected with LCMV (Figure 8). This reduction was MHC-specific 
since no significant reduction of the virus titers were observed in C57/BL6 mice (H-2 b ) following 
CTL injection. 
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TABLE I; 

2C T cells on L d -coated magnetic beads in the presence of various peptides 



assessed by microscopic examination 



Peptide 


% Cell captured 


2C TCR affinity for L d -peptide 


Peptide affinity for L d 
CM" 1 ) 


QL9 


87% 


10 7 


2x10* 


p2Ca 


83% 


2x10* 


4x10* 


SL9 


77% 


1.4xl0 4 


4xl0 7 


MCMV 


<1% 


<10 3 


2x1 0 9 



24 



Table II: 

Recovery of 2C T ceils mixed with CDS* T cells from naive B6 mouse by adsorpti 
on MHC class I-coated magnetic beads 



molecule 


peptide 


% 2C T cell 

before 
enrichment 


% 2C T cell 

after 
enrichment 


2CTceU 
enrichment 


2C T cell 
recovery 


Number of 
experiment: 




QL9 


0.03 % 


24.8 ±6.9% 


828 ± 230 fold 


90.0 ± 14.0 % 


3 


K b«3 


dEV-8 


0.03 % 


50.9 ± 14.2 % 


1697 ±473 fold 


47.7 ± 1.7% 


2 




SIYR 


0.03 % 


47.6 ±2.1 % 


1588 ±71 fold 


56.8 ± 0.6 % 


2 
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